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Abstract: Hydropower energy production policies are usually defined trying to maximize the 
economical revenue, obeying to environmental restrictions and established downstream water uses 
requirements. Behind minimum daily averages of river ecological discharges, the hourly nature of the 
hydropower production schemes presents a pronounced effect on downstream river water quantity and 
quality. However, the capacity to control the river behaviour can be used to efficiently improve river 
water quality management practices if we can anticipate the performance of different management 
strategies. This paper presents a methodology to assess the performance of different turbine discharges 
schemes related with downstream river water quality. Three different performance indicators are 
presented and their computation is derived from a hydrodynamic and water quality river model 
implemented in Sobek. This methodology is applied to a Portuguese river: the river Cávado. 
Keywords: operational management; mathematical modelling; water quality. 
Introduction 
Hydropower energy production policies are usually defined according the energy 
market rules in a daily or weekly base trying to maximize the economical revenue and 
obeying to environmental restrictions. However, behind minimum daily averages of 
river ecological discharges, the hourly nature of the hydropower production schemes 
presents a remarkable influence in the river behaviour. 
Other established river basin water uses, like waste water treatment plants (WWTP) 
discharges, have their impact dependent on the actual river flows. Operational 
management of river water quality can be effective if the behaviour of complex 
systems can be predicted and if it is possible to anticipate the impact of adopted 
discharges policies either in terms of hydropower plants discharges schedules and 
WWTP discharges and efficiencies (Borowski and Hare, 2007, Vieira et al., 2012). 
Reservoir systems serve multipurpose objectives such as water supply for domestic 
and industrial needs, hydropower, flood control, irrigation, navigation, environmental 
or recreation purposes including water quality control. A vast amount of literature is 
available on the optimum design of such a system as well as on its optimum control 
(Labadie, 2004). In control of reservoir systems, for example applied on flood control 
or hydropower scheduling, the use of forecasts has become a promising path to so-
called predictive controllers. Several authors having examined the importance of 
forecasting in real-time water quantity control of reservoir systems, concluding that 
use of forecasting is preferable, even in the presence of errors, to reactive control 
methods that ignore forecast information. 
According to the real-time control of water quality in reservoir systems, few 
applications are reported in literature. Among them, Hayes et al. (1998) presents an 
extended reservoir optimization including water quality constituents such as dissolved 
oxygen and water temperature. Recently, Dhar & Datta (2008) report a similar 
approach, i.e. the combination of optimization and water quality simulation, for the 
water quality control downstream of reservoirs. 
This paper aims to present a methodology and a set of performance indicators to 
assess the impact of different turbine discharges schemes on the downstream water 
quality that receives several WWTP effluents, intended to be used in a real-time 
reservoir control framework. The study is based on water quality model results used 
to simulate several water quality variables (Pinho et al., 2011). 
Material and Methods 
River Cávado basin is located in the north-western region of Portugal. This basin 
occupies an area of 1589 km
2
 and the river network is about 360 km length 
corresponding to 16 rivers.  
The river model (Figure 1) was implemented with Sobek (Deltares, 2013) that 
solves the one-dimensional formulations of free surface flows based on the equations 
of conservation of mass and momentum. In addition to these equations the flow 
discharges at hydraulic structures included in the model segmentation are computed 
using specific expressions for each type of structure: bridges, culverts, siphons, 
orifices, pumps, and weirs. In these structures the flow depends on the upstream and 
downstream levels, on its dimensions and on a set of specific parameters. Cross 
sections of the river channels considered in the developed model were established 
using bathymetric and topographic data available for this river basin. The one-
dimensional grid comprises 1722 computational nodes, 22 open boundaries, 51 
controlled discharges at hydraulic structures and 105 non controlled hydraulic 
structures. The rivers channels geometry was introduced considering 1854 cross 
sections. Pollutant sources are simulated considering 84 different locations in the river 
basin. All hydraulic structures with a significant influence in the rivers flows regime 
were considered with emphasis for dams and hydropower generation plants. 
Water quality model is based on the one-dimensional transport equation: 
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where, Q is flow discharge in m
3
/s; t is time in s; x is distance in m; Af the wetted area 
in m
2
; C is substance concentration in kg/m
3
; D is diffusion coefficient in m
2
/s; S the 
source, sink and reaction term in kg/m
3
/s. 
The last term of Eq. 1 refers to the sources and sinks and the dependence on the 
processes occurring in the water column related with the modelled substance. Water 
quality processes library used in this work includes all the relevant processes allowing 
the establishment of either complex water quality processes or simple ones depending 
on data availability.  
Different river water quality problems can arise from WWTP discharges, being the 
most common bacterial presence impacting river bathing waters, oxygen depletion 
affecting river aquatic live species and eutrophication due to receiving waters 
nutrients enrichment downstream those discharges, resulting in potential algae blooms 
(Chapra, 1997, Thomann and Muller, 1987). Bacterial indicators are a good variable 
to assess the presence of wastewater discharges, since principally during dry periods 
their presence in river waters can be related with WWTP wastewater discharged 
without treatment or limited treatment efficiencies. 
 Figure 1 River Cávado location, hydrodynamic and water quality model extent, WWTPs and Caniçada 
dam. 
Bacterial contamination arising from discharges of point or diffuse sources can be 
modelled by taking up a 1
st
-order decay law. The bacteria mortality coefficients were 
established recurring mainly to available field data. 
Pollutant loads associated with industrial discharges were estimated (Table 1). A 
simple method, based on types of industry, was used to compute their waste water 
discharges characteristics. However, most of the industries effluents are treated in 
WWTP and this way considered together with the domestic effluents. Another 
pollutant sources are the livestock farms discharges. In this case the effluent loads 
were estimated considering the number of heads of cattle per farm. 
Table 1 WWTP discharges. 
Model ID Name Discharge BOD Bacteria 1 Bacteria 2 Bacteria 3
(m3/s) (mg/L) (MPN/m3) (MPN/m3) (MPN/m3)
FT_ETAR14 Frossos 0,15332 101 4,2E+08 4,2E+09 8,4E+09
FT_ETAR5 Vila Frescainha 0,04686 92 3,8E+08 3,8E+09 7,7E+09
FT_ETAR9 Esposende 0,02002 81 3,4E+08 3,4E+09 6,7E+09
FT_VAC16 Sociedade Agro-Pecuária Barbosas, Lda 0,00010 12857 7,9E+06 7,9E+07 2,2E+08
FT_ETAR13 Palmeira 0,00959 101 4,2E+08 4,2E+09 8,4E+09
FT_ETAR29 Vila Verde 0,01142 69 2,9E+08 2,9E+09 5,7E+09
FT_ETAR28 Prado 0,01065 52 2,2E+08 2,2E+09 4,3E+09
FT_ETAR3 Amares 0,00558 84 3,5E+08 3,5E+09 7,0E+09
FT_VAC17 Sociedade Agro-Pecuária Irmãos Marques, Lda 0,00003 12857 2,4E+07 2,4E+08 6,7E+08
FT_VAC13 Manuel Sá Faria 0,00003 12857 2,8E+07 2,8E+08 7,8E+08
FT_VAC1 Albino Martins Branco 0,00002 12857 3,4E+07 3,4E+08 9,5E+08
FT_ETAR12 Caldelas 0,00085 341 1,4E+09 1,4E+10 2,8E+10
FT_VAC3 António José Pereira Ferreira 0,00002 12857 3,8E+07 3,8E+08 1,1E+09
FT_VAC2 António Eugénio Costa Maciel 0,00002 12857 4,7E+07 4,7E+08 1,3E+09
FT_VA12 Manuel Novais da Silva 0,00001 12857 6,3E+07 6,3E+08 1,8E+09
FT_ETAR26 Barcelinhos 0,00139 92 3,8E+08 3,8E+09 7,7E+09  
S1 
S2 
S3 S4 
Caniçada dam 
At the upstream open boundaries of the modelled rivers it was considered that the 
water presents characteristics of unpolluted water, with zero values of pollutants 
concentrations. 
The simulation time was long enough in order to reach a dynamic equilibrium. This 
way the last simulated day is used to compute three different performance indicators: 
(i) integral of daily normalized concentration (PI1); (ii) the daily maximum 
normalized concentration (PI2); and (iii) an indicator resulting from the aggregation of 
the first two (PI3). 
Considering that results for bacteria concentrations C(s,i) are available for site s and 
during N instants (i=1, N) of results during the last day of simulation, the normalized 
concentrations are given by: 
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where sC
min
 and sCmax  are the minimum and maximum concentrations at site s, 
respectively. 
The first performance indicator sPI1  is computed according the following equation: 
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where minC  and maxC  is the minimum and maximum sum of normalized 
concentrations, respectively, considering all analyzed sites. This indicator intends to 
evaluate the accumulated effect of pollutant discharges in the river receiving waters 
during all the period used for the analysis. The second performance indicator 
considered in this analysis is given by: 
  isCPI s ,max *2   (4) 
Some water uses implies accordance with water quality standards that could be 
interpreted as hard constraints, that once violated prevents those uses. Aquatic species 
preservation and river water recreational uses are examples of water uses that can be 
impaired if peak pollutant concentrations exceed the standard values even in relatively 
short time periods. In this context the last performance indicator can be used to assess 
the impact of the combined effect of dam releases and WWTP discharges in this 
context. 
Finally, a third performance indicator can be computed by aggregation of the two 
previously presented indicators: 
sss PIwPIwPI 22113   (5) 
where w1 and w2 are weights of 
sPI1  and 
sPI 2 , respectively. Their values vary from 0 
to 1 and their sum must be equal to 1. In a particular water quality context if we can 
anticipate that pollutant cumulative effects on river waters are more important than 
maximum instantaneous pollutant concentrations we can assume a w1 greater than w2. 
Caniçada dam his equipped with two groups of turbines with an individual 
discharge capacity of around 30 m
3
/s. Operational management of these turbines 
could be based on advanced control technique’s considering integrated multipurpose 
management strategies (Schwanenberg et al., 2012). The present work presents an 
important step towards the implementation of a dam controller based on optimization 
algorithms. These controllers needs proper definition of an optimization problem that 
can be based on the presented performance indicators to be used in the objective 
function or/and in the problem constraints. 
Results and Discussion 
Performance indicators sensitivity to different turbine regimes at different locations 
along the river is analysed considering continuous bacterial discharges at point 
sources presented in Table 1. Four different locations (S1, S2, S3 and S4, Figure 1) 
were selected and six turbine regimes were defined at Caniçada dam (Figure 2).  
 
Figure 2 Turbine discharge regimes considered at Caniçada dam. 
Regimes R1 and R5 corresponds to a continuous operation of two and one turbines, 
respectively. Regime R2 considers maximum turbines discharges during two peak 
periods along the day. Regimes R3, R4 and R6 correspond to full capacity discharges 
in a limited period of the day during 16 hours, 8 hours, and 10 hours, respectively. 
These different regimes denote different amounts of produced energy but 
considerations about most economically favourable energy schedules are maintained 
out of the scope at this phase of the work. 
Obtained results are presented in Figure 3. As expected flow regimes presenting 
hourly variations implies pollutant concentrations variations at all sites. The lowest 
values should be identified with the best performance since indicators are computed 
based on an undesirable pollutant concentration. However,  
The most favourable regime (R1) for all sites is, of course, when the maximum 
turbine discharge (daily average discharge Qa=60.0 m
3
/s) is maintained constant along 
the period. For this regime the performance indicators are null at all locations. 
The worst regime at sites S1 and S2 is R4 that corresponds to the scheme that is 
associated with the lowest daily average discharge (21.6 m
3
/s).  
At site S3 the analysed regimes presents an identical performance according to the 
three defined indicators. These results are justified by the relatively small amplitude 
of concentrations variation at this site, located at the downstream river section. 
Site S4 is more vulnerable to regime R3 than to R4, even that it presents an average 
daily value that is almost double than the R4. Although this site is located near the 
river mouth, where variations due to dam and pollutant point sources discharges are 
attenuated, the augmented pollutant transport capacity extends downstream the 
pollutant plumes affecting this site near the river mouth. 
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Figure 3 Model results and performance indicators obtained for sites S1, S2, S3 and S4. 
Comparison between regimes R2 and R6 that are associated with equal average 
daily discharges (26.4 m
3
/s), reveals a better performance in terms of water quality 
impact of the R2 regime at all analysed sites. 
The discharge schemes scores are dependent on the location and on the 
performance indicator. These results suggest that to be included in a control 
framework based on optimization algorithms (Anand et al., 2012; Schwanenberg et 
al., 2012) it will be necessary consider a spatial aggregation of the performance 
indicators for relevant sites. These sites can be selected according to the established 
river water uses. The selection of the most adequate performance indicator can be 
based on the expected type of water quality problem resulting from the pollutants 
discharge and the potential impaired water use. 
Conclusions 
Three indicators used for performance assessment of different dam discharges 
schemes influencing river water quality were presented and showed to be efficient in 
distinguishing their impact on water quality at different sites. 
The computation of the performance indicators are based on results obtained with a 
coupled hydrodynamic and water quality model of the river network with capabilities 
to simulate complex hydraulic structures and water quality processes. Illustrative 
results were presented for river Cávado basin.  
Proposed performance indicators can be used in optimization procedures 
implementation usually included in decision support systems for water resources 
management. 
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